Many hormones and sensory stimuli signal through a superfamily of seven transmembrane-spanning receptors to activate heterotrimeric G proteins. How the seven transmembrane segments of the receptors (a molecular architecture of bundled ␣-helices conserved from yeast to man) work as "on/off" switches remains unknown. Previously, we used random saturation mutagenesis coupled with a genetic selection in yeast to determine the relative importance of amino acids in four of the seven transmembrane segments of the human C5a receptor (Baranski, T. J., Herzmark, P., Lichtarge, O., Gerber, B. O., Trueheart, J., Meng, E. C., Iiri, T., Sheikh, S. P., and Bourne, H. R. (1999) J. Biol. Chem. 274, 15757-15765). In this study, we evaluate helices I, II, and IV, thereby furnishing a complete mutational map of the seven transmembrane helices of the human C5a receptor. Our analysis identified 19 amino acid positions resistant to non-conservative substitutions. When combined with the 25 essential residues previously identified in helices III and V-VII, they delineate two distinct components of the receptor switch: a ligand-binding surface at or near the extracellular surface of the helix bundle and a core cluster in the cytoplasmic half of the bundle. In addition, we found critical amino acids in the first and second helices that are predicted to face the lipid membrane. These residues form an extended surface that might mediate interactions with lipids and other membrane proteins or function as an oligomerization domain with other receptors.
G protein-coupled receptors, a superfamily of seven transmembrane proteins, act as molecular switches that, upon activation by extracellular stimuli, transmit signals to heterotrimeric G proteins on the cytoplasmic face of the plasma membrane. These receptors then catalyze ligand-dependent exchange of GTP for GDP on the ␣-subunit of the heterotrimer, causing dissociation of ␣⅐GTP from the ␤␥-dimer; ␣⅐GTP and free ␤␥ subsequently activate effector enzymes and ion channels (1, 2) . More than 1000 G protein-coupled receptors of mammals share with their counterparts in yeast and plants a conserved three-dimensional architecture, comprising seven ␣-helices in a transmembrane bundle (3) (4) (5) (6) . The switch mechanism is also conserved, as indicated by the abilities of mammalian receptors to activate G protein trimers in yeast (7) (8) (9) . The switch clearly resides in the seven-helix bundle: swapping of extra-or intracellular loops preserves the ability of ligands to activate G proteins while transferring specificity of ligand binding or G protein activation, respectively, from one receptor to another (10 -13) .
Our understanding of receptor mechanisms remains limited by a lack of precise structural information and the general difficulties of characterizing integral membrane proteins. A low-resolution (5 Å) electron cryomicroscopic structure of rhodopsin (14) , the retinal light receptor, reveals relative positions and tilts of seven transmembrane helices in the plane of the membrane. Based on many mutations, the rhodopsin structure, and an analysis of the primary structures of Ͼ500 rhodopsinlike G protein-coupled receptors, Baldwin et al. (15) constructed an ␣-carbon template of the helix bundle, hereafter termed the Baldwin model. In this model, transmembrane helices I-VII bundle together in clockwise order as viewed from the cytoplasm. The probable arrangement of helices and the positions of specific amino acids in the model are inferred from patterns of conserved hydrophobic and hydrophilic residues in many receptors. The Baldwin model specifies which helix corresponds to which density in the electron projection map, approximate orientations of cognate amino acids around the helical axes, and the cytoplasmic and extracellular limits of each transmembrane sequence (16) .
Random saturation mutagenesis provides a comprehensive method to explore the structural characteristics of protein segments and has recently been used to elucidate the helical orientations of an inwardly rectifying potassium channel (17) . This comprehensive approach determines the relative importance of side chains in each ␣-helix by identifying those that cannot be altered in mutant receptors selected for maintenance of function. We undertook a systematic genetic analysis of a single G protein-coupled receptor, the human C5a receptor, with the goal of identifying functionally important residues and sites of helix/helix interactions that relay the ligand signal to G protein activation. The human chemoattractant C5a receptor, a member of the rhodopsin family, couples to G␣ i and G␣ 16 . The C5a ligand, a 74-amino acid glycoprotein produced as a cleavage product in the complement cascade, mediates leukocyte chemotaxis, vascular permeability, and smooth muscle contraction (18) .
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ʈ To whom correspondence should be addressed: Depts. (III and V-VII) (19) . In our current study, we examine the remaining three transmembrane segments (I, II, and IV) of the human C5a receptor. We anticipated that these helices would demonstrate the same characteristics as the previously studied four helices: essential amino acids would be located on surfaces of helices that face other helices, and these critical residues would cluster at either the extracellular side of the receptor or at the core of the helix bundle. The results of scanning helices I and IV conform to these expectations; however, helix II possesses essential amino acids that map to a surface that is predicted to be in contact with the surrounding lipid. In addition, the functional receptors mutated in helix I all share a hydrophobic patch that faces the lipid membrane and, with helix II, forms an extended hydrophobic surface. These helix I and II residues facing the lipid bilayer might function as an interaction domain with other membrane molecules or as an oligomerization domain with other receptors. The results of this study, combined with our previous work (19) , provide the first complete mutational map of the transmembrane segments of a G protein-coupled receptor and will serve as a useful model for further structure/function studies.
EXPERIMENTAL PROCEDURES
Library Construction-To construct mutagenized C5a receptors, we engineered restriction endonuclease sites (which did not alter the amino acid sequence) into the C5a receptor gene at the approximate boundaries of the cDNA encoding helices I (MluI and BstEII, 5Ј-and 3Ј-ends, respectively), II (NdeI, 5Ј-end), and IV (BsrGI, 3Ј-end). Endogenous restriction endonuclease sites bound the cDNA encoding helices II (BsrGI, 3Ј-end) and IV (SfiI, 5Ј-end); however, for the helix IV library, the BsrGI site at the 3Ј-end of the second encoded helix and a second SfiI site in the 3Ј-untranslated region of the C5a receptor gene were removed. A NcoI site at the start methionine introduced aspartic acid in place of asparagine at position 2. To ensure efficient library construction and to eliminate the possibility of contamination by wild-type receptor DNA, for each helix library, we created a subcloning vector that contained non-receptor DNA substituted between the flanking restriction sites. The following oligonucleotides were used to encode the transmembrane segments (bases doped with 20% non-wild-type nucleotides are underlined): helix I, 5Ј- AAAATACGCGTTCCAGATATTC-TTGCTCTTGTTATCTTTGCTGTTGTCTTTCTTGTTGGTGTTCTTGG-TAATGCTCTTGTTGTTTGGGTGACCCA-3Ј; helix II, 5Ј-AACTTACAC-ATATGGTTTCTTAATCTTGCTGTTGCCGATTTTCTCTCTTGTCTTG-CTCTTCCTATCCTTTTCACTTCTATTGTACAAT-3Ј; and helix IV, 5Ј-CTAATATTGGCCGGCTTGGCCTGGATTGCTTGTGCTGTCGCTTGG-GGTCTTGCTCTTCTTCTTACAATTCCATCTTTTCTGTACAGA-3Ј . Oligonucleotides (Protein and Nucleic Acid Chemistry Laboratory, Washington University, St. Louis, MO) encoding helix I, II, or IV were mutually primed via extended palindromic sequences at their 3Ј termini, and the complementary strands were synthesized using Klenow DNA polymerase. The products were digested with the appropriate restriction enzymes and subcloned into the C5a receptor gene in the pBS-SK Bluescript vector. After determining the complexity and quality of the library (by DNA sequencing and restriction mapping), we subcloned each mutated helix library into the yeast shuttle vector p1303ADE2 (derived from p1303; Cadus Pharmaceuticals). The number of recombinants obtained equaled or exceeded the initial size of the mutated helix library.
Yeast Strains-Strain BY1142, engineered by standard yeast strategies, has the genotype far1⌬1442 tbt1-1 FUS1-HIS3 can1 ste14::trp1::LYS2 ste3⌬1156 GPA1(41)-G␣ i2 lys2 ura3 leu2 trp1 his3 ade2. BY1142 expresses a yeast/human G␣ chimera in which the Nterminal 41 residues of yeast GPA1 (a region predicted to interact with G␤␥ based on the crystal structure of the G i heterotrimer) (20) replaces the first 33 residues of human G␣ i2 . A SacI restriction site introduces a point mutation that substitutes leucine for valine at position 34 of G␣ i2 . The chimera is designed for optimal ability to sequester yeast G␤␥ and to release it upon C5a receptor activation, thereby triggering the mating response pathway. Expression of the FUS1/HIS3 reporter enzyme, stimulated by the mating response pathway, allows BY1142 cells (his3) to grow in histidine-deficient medium. The far1 deletion blocks cell cycle arrest induced by pheromone. The tbt1-1 mutation increases electroporation transformation efficiency; and ste14, a carboxymethylase deletion, reduces basal signaling of the pheromone response pathway. Inclusion of an ADE2 gene in the C5a receptor plasmid p1303 (p1303ADE2, PGK-hC5aRADE2 REP3 2m-ori AmpR f1ori) allowed us to infer from the color of a colony whether its growth on histidinedeficient medium depends on the C5a receptor (red colonies lack ADE2 and, by implication, the receptor plasmid). A separate plasmid, p1297 (ADH1-mf␣1-hC5aURA3 REP3 2m-ori AmpR f1ori; Cadus Pharmaceuticals), allowed autocrine expression of the C5a ligand as an prepro-␣-factor/C5a ligand fusion protein; autocrine expression was necessary because C5a cannot traverse the yeast cell wall.
Yeast Transformation and Receptor Selection-We cotransformed BY1142 yeast cells by electroporation with plasmid libraries of mutant C5a receptors and the C5a ligand plasmid p1297. Colonies bearing functional receptors were selected by replica plating on histidine-deficient medium containing 1 mM 3-amino-1,2,4-triazole (AT 1 ; Sigma). We recovered the plasmids encoding functional C5a receptors and confirmed the phenotypes by retransforming each candidate C5a receptor plasmid and the C5a ligand plasmid (or without C5a ligand, to assess constitutive signaling) into the parental yeast strain, BY1142. Growth after 3 days at 30°C on plates containing different concentrations of AT (0, 1, 2, 5, 10, 20, 50, and 100 mM) served to quantitate the relative intensities of signals mediated by mutant receptors. For each mutant receptor, phenotypes were scored from the average growth of at least 20 independent transformants. In each case, the wild-type C5a receptor expressed in parallel yeast cells served as a positive control. The results of 10 independent transformations of the wild-type C5a receptor were growth at 5, 5, 5, 5, 5, 5, 10, 5, 10, and 5 mM AT. The mutant receptor sequences were obtained by DNA sequencing with Taq polymerase using ABI Prism Big Dye Terminator Cycle sequencing (Ready Reaction kit, PerkinElmer Life Sciences).
RESULTS AND DISCUSSION
Selection of Functional Receptors-To select functional receptors from populations of mutant receptors, we used a genetic selection that couples functional receptors with the G protein-mediated response to mating pheromones of Saccharomyces cerevisiae (19) . In yeast strain BY1142, activation of the C5a receptor induces expression of the HIS3 gene, thereby allowing cells with functional receptors to survive and proliferate in medium lacking histidine. In this selection procedure, the relative intensities of signals mediated by mutant receptors can be quantitated by assessing growth in the presence of different concentrations of AT, a competitive inhibitor of the HIS3 gene product (21) . Expression of both C5a and the C5a receptor allowed BY1142 cells to grow in selective medium lacking histidine and containing up to 5 mM AT (Fig. 1 , first column). Similar yeast cells harboring chimeras of yeast/human G proteins have been utilized to expression clone mammalian receptors (22) and to generate novel ligands for orphan G protein-coupled receptors (23) .
Previously, we described how we used this genetic selection system to analyze transmembrane helices III and V-VII of the C5a receptor (19) . Here, using the same mutagenesis and genetic selection, we have studied the remaining three transmembrane helices of the C5a receptor. Helix by helix, we subjected stretches of amino acid sequence to random saturation mutagenesis for a total of 64 positions in helices I, II, and IV. The quality of the libraries was assessed in two ways. First, DNA sequencing of 15-20 independent recombinants from each library, prior to selection, revealed oligonucleotide mutagenesis rates between 19 and 23%, resulting in amino substitution rates of 31-43% (Table I) . Second, we determined the substitution rate at the third nucleotide position of degenerate codons for amino acid positions at which few substitutions were observed in functional receptors (see below). The observed substitution rate of 22% closely matches the predicted rate of 20%, demonstrating that little or no bias occurred in the randomization of the libraries.
We then selected recombinants from three separate libraries of mutant receptors, each library containing mutations in a single helix, for ability to support growth of BY1142 cells in the absence of histidine. At the high mutation rate of 6 -9 amino acid substitutions per helix, Ͻ0.1% of BY1142 cells transformed with a mutant C5a receptor survived the selection. 2 As expected, these rare functional receptors identified by the selection contain fewer amino acid substitutions (22-26% substitution rate) than receptors prior to selection (31-43%) ( Table  I) . For the three scanned helices, the yeast selection identified 84 functional mutant receptors (at least 22 from each helix library), providing a data set of 425 amino acid substitutions (summarized in Table I ).
We first analyzed two general properties of the mutant, yet functional, C5a receptors: constitutive (ligand-independent) receptor activity and overall resistance to mutations. A single mutant receptor obtained from the helix I selection (R306) ( (15) . Columns representing individual mutant receptors (each designated by R and a number) display their individual sequences (dot, unchanged from the wild type); each of these receptors was selected for ability to function. Receptor signaling strength, indicated below each mutant receptor sequence, was quantitated by growth on histidine-deficient medium in the presence of AT: ϩϩϩϩϩϩϩ, growth on 100 mM AT; ϩϩϩϩϩϩ, growth on 50 mM AT; ϩϩϩϩϩ, growth on 20 mM AT ϩϩϩϩ, growth on 10 mM AT; ϩϩϩ, growth on 5 mM AT; ϩϩ, growth on 2 mM AT; ϩ, growth on 0.5 or 1 mM AT; 0, no growth on 0.5 mM AT. Genetic Code refers to amino acid substitutions that were possible at the corresponding position by substituting only a single nucleotide base. Standard single-letter abbreviations indicate amino acids at each position; boldface letters indicate amino acids that are not conserved with respect to the wild-type C5a receptor sequence. The characteristics of mutant residues in functional receptors (indicated by X in the boxed columns) are presented in four classes as follows: Preserved, amino acid positions at which side chain character is preserved (see "Results and Discussion"); Evol. Conserved, residues identified by the evolutionary trace method (34); Hydrophobic, positions at which only hydrophobic amino acids are observed (see "Results and Discussion"); Tolerates Polar, aspartate, glutamate, asparagine, glutamine, lysine, or arginine tolerated. Numbers in parentheses indicate percent identity in 199 rhodopsin family G protein-coupled receptors (15) . helix III-mutated receptors and 16 helix VI-mutated receptors demonstrated ligand-independent signaling. We did not specifically attempt to select for constitutively active receptors; nonetheless, the locations of the mutations in the 22 activated C5a receptors provide a comprehensive map of the "hot spots" for activation within the seven transmembrane helices of a single G protein-coupled receptor (Table I) . These results from the genetic screen of the C5a receptor reflect the sensitivity of many other G protein-coupled receptors to activating mutations: naturally occurring mutations and artificially introduced substitutions that result in activated receptors predominantly map to helices III and VI (24) . The abundance of activating mutants in helices III and VI, when compared with the rarity of such mutants in the other five helices, strengthens the possible role of helices III and VI as essential elements of the turn-on switch.
Likewise, the helices can be classified as either more or less resistant to amino acid substitutions, an indicator of the relative importance of that helix for the overall folding and stability of the molecule. In the Baldwin model, helices I, II, and IV reside on the periphery of the seven-helix bundle (see Fig. 4 and below); as such, they might be expected to tolerate more mutations than the centrally located helix III (which, in the model, makes contacts with five other helices) or helix VII (which contacts four other helices). Helices I, II, and IV displayed intermediate levels of resistance to substitution, tolerating 6.1, 5.3, and 4.2 amino acid substitutions per mutant receptor, respectively (Table I ). The most resistant transmembrane segment, helix VII, tolerated only an average of 3.2 amino acid substitutions per receptor (15% mutation rate versus a 36% average amino substitution rate prior to selection) ( Table I , as taken from Ref. 19 ). Conversely, helix VI tolerated more than twice the number of amino acid substitutions (8.1 or 31%) (Table I) (19) . Despite its central location in the model, helix III tolerated a similar rate of mutations as helices I, II, and IV. However, the propensity for mutations in helix III and VI to activate the receptor likely increases the observed mutation rates in these two helices.
Patterns of Preserved Residues Confirm the Structural Model-We analyzed the mutant C5a receptors, amino acid position by position, in an attempt to rank their relative importance in that helix for the function of the receptor. We expected that, in functional mutant receptors, the side chains that face other helices would tolerate fewer mutations than the side chains that face the surrounding lipid since association of transmembrane helices with one another depends upon preservation of complementary shapes that maximize van der Waals interactions (25) . We defined side chain character as "preserved" if we observed at that position no more than 1 amino acid substitution or if all substitutions at that position involved closely related amino acids (log odds score of 1.0 or greater in the PAM 250 scoring matrix) (26) . We assume that most amino acid substitutions occur at less important parts of the receptor switch; some mutations, however, may compensate for functional defects caused by other mutations in the same helix. Single amino acid substitutions were included to allow for the rare mutation that might have occurred at a critical position, but only in the setting of other compensatory substitutions. For example, the single P90I substitution obtained in R05 occurs in the setting of substitutions in the two neighboring residues, I89L and L91I (Fig. 2) . In addition, some combinations of mutations might increase the function of the C5a receptor: all of the mutant receptors obtained from selections of the three libraries functioned at levels equal to or greater than the wild-type C5a receptor (Figs. 1-3 ). Although these criteria may be subjective, they nonetheless accurately identified essential amino acids when applied to the results obtained with helices III and V-VII (19); as reported previously, single amino acid substitutions at 14 of 17 preserved positions in helices III and V-VII significantly impaired receptor function (19) .
The functional mutant receptors preserved side chain character at 19 of the 64 positions mutated (Figs. 1-3) . When localized on helical wheel diagrams, the helix I preserved residues (Asp 37 , Ala 40 , Gly 51 , Asn 55 , and Val 58 ) (Fig. 4, red (Fig. 4) fit equally well with an orientation that rotates the helix 180°relative to its current position, thereby pointing the majority of the preserved residues inward. However, helix II, repositioned in that way, orients 2 highly conserved polar residues, Asp 82 and Asn 77 , into the lipid bilayer. Moreover, biochemical data obtained from studies of three different members of the G protein-coupled receptor family support the Baldwin helix II orientation as evidenced by studies of the following: (i) accessibility of substituted cysteines at each position in helix II of the D 2 -dopamine receptor to a water-soluble chemical probe (27) , (ii) metal ion-binding sites formed by substituted histidines in extracellular ends of helices II and III of the NK-1 receptor (28), and (iii) site-directed spin labeling studies of the intracellular end of rhodopsin helix II (29) . For these reasons, we favor the helix orientation in the Baldwin model. In our genetic mapping of functional residues in the C5a receptor, the preservation of residues in helix II that face the lipid bilayer suggests that these residues serve as interaction domains with membrane molecules (see below).
Our analysis also identified positions in the mutant receptors that either retained their hydrophobic character or, conversely, allowed substitutions of polar amino acids. Based on the established role of hydrophobic interactions in stabilizing the tertiary structure of soluble proteins (30, 31), we reasoned that surfaces retaining hydrophobicity might be important for helix packing or for interactions with other hydrophobic molecules. For our classification system, hydrophobicity is considered preserved at positions where only hydrophobic amino acids with a transfer octanol free energy transfer of Ͼ0.1 kcal/mol (32) are observed. Twenty-three of the 64 mutated positions preserved their hydrophobic character in functional receptors; this group includes 8 of the 19 positions at which side chain character was preserved (Figs. 1-3 ). For helix IV, 4 of the preserved hydrophobic residues point toward helix V, whereas the remaining three hydrophobic residues encircle the helix. For helices I and II, the majority of the preserved hydrophobic residues (Fig. 4, blue circles) face the lipid bilayer, providing evidence, in addition to the preserved residues in helix II, for a potential interaction domain with another membrane molecule.
We identified amino acid positions in helices I, II, and IV that allowed polar substitutions, reasoning that polar substitutions are more likely to occur on surfaces exposed to the aqueous cleft in the helix bundle or at the aqueous borders of the helices. For example, in helix I, Leu 57 might be located at the intracellular border of the lipid bilayer since this position tolerates arginine substitutions and is unlikely to be pointing inward to a wateraccessible cleft. Likewise, in helix IV, polar substitutions were tolerated in three consecutive residues (Trp 154 , Ile 155 , and Ala 156 ) (Fig. 3 ). An aqueous/lipid border on the cytoplasmic side of helices I and IV at these positions corresponds well with the predicted boundaries of the lipid core (15); however, they lie one to two turns farther into the lipid core than predicted from biochemical studies of rhodopsin. Site-directed spin labeling studies of rhodopsin intracellular loops (29, 33) determined the aqueous/lipid boundaries for the cytoplasmic surface to be at positions 64 and 153 (C5a receptors numbers, by alignment). The differences between these two results might reflect a detergent effect on solubilized rhodopsin, the length of the nitroxide spin label, limits to the resolution of either approach, or a fundamental difference between the structures of the two receptors. On the extracellular side of the helices, polar substitutions that point outward from the receptor core were obtained only in helix I (Ile 38 ), making it difficult to make any assignments regarding the aqueous/lipid borders.
Preserved Residues Identify Working Parts of the SwitchSimilar to our previous analysis of helices III and V-VII (19), we mapped the preserved residues from helices I, II, and IV onto the ␣-carbon template for the rhodopsin family of G protein-coupled receptors (15) . Positions preserved in helices I, II, and IV of the mutant C5a receptors map to and extend the two distinct clusters formed by the preserved residues from helices III and V-VII, as indicated by the red and yellow balls in Fig.  5 . To identify the positions in helices I, II, and IV that are conserved throughout the evolution of G protein-coupled receptors, we applied the evolutionary trace analysis method (34) to 62 G protein-coupled receptors closely related to the human C5a receptor. Figs. 1-3 indicate the top ranked positions (labeled Evol. Conserved). As expected, the evolutionary trace approach identified many of the same residues found to be conserved by Baldwin's analysis of 199 unique G protein-coupled receptor sequences (16) . Red balls in Fig. 5 indicate positions at which residues are both preserved in mutant receptors and conserved evolutionarily; yellow balls indicate positions that are important for the function of mutant C5a receptors, but that are not highly conserved in other G protein-coupled receptors throughout evolution. (Blue balls indicate positions that are deemed evolutionarily important, but that are not preserved in our genetic screen (see below).) Most of the yellow positions are located at or near the receptor's extracellular face, whereas red positions cluster tightly in the cytoplasmic half of the transmembrane helices (Fig. 5) .
In the two-site binding model proposed for C5a binding (35) (36) (37) , the carboxyl-terminal tail of C5a probably inserts into the interhelical crevice of the receptor, whereas other portions of the C5a ligand interact with the amino terminus of the C5a receptor. We propose that the 22 preserved residues, 9 residues from helices I, II, and IV (Asp 37 169 , and Ser 171 ) and 13 residues from helices III and V-VII (19), cluster near the extracellular fluid and, as identified by their resistance to substitutions, define an interhelical receptor surface that interacts with the carboxyl-termi- nal tail of C5a (Fig. 5, labeled Ligand binding) . Not all these residues necessarily contact the C5a ligand; some residues, e.g. Pro 90 , may dictate the overall shape of the binding pocket or help mediate a conformational change that occurs upon ligand binding. A P90A mutation in the C5a receptor caused nearly a 10-fold decrease in ligand binding affinity, but also resulted in receptors that were misfolded as assessed by aberrant localization when expressed in mammalian cells (38) .
The cluster of preserved residues, proposed as the ligandbinding crevice in the C5a receptor, likely represents a common binding site in other G protein-coupled receptors. For the preserved Ser 171 position in helix IV of the C5a receptor, mutations at cognate positions of the vasopressin, NK-1, and thyrotropin receptors (Gln 185 , Gln 165 , and Pro 556 , respectively) diminish ligand binding without altering processing of the receptors (39 -41) . In helix II, a Q104A mutation in the vasopressin receptor (preserved Leu 87 in the C5a receptor) also decreases ligand binding affinity (39) . As noted previously (19) , small amines, the retinal chromophore, and the 74-amino acid C5a ligand interact with amino acids at many of the same positions in helices III and V-VII (albeit with different side chains) to activate G protein-coupled receptors. This suggests that G protein-coupled receptors that bind very different agonists share the first element of a common activation mechanism: a conserved location for the ligand-binding domain.
In the Baldwin model, the ␣-carbons of all 17 preserved positions in helices I-VII cluster at the core of the receptor (Fig.  5 , red balls, labeled Core) and are located within 10 Å of the ␣-carbon of at least one other highly conserved residue ("conserved" is defined as identical in at least 60% of 199 G proteincoupled receptors assessed by Baldwin et al. (15) ). This cluster, highly preserved both in evolution and in our genetic selection for functional C5a receptors, is positioned to form an interacting network that is crucial for the structure and function of G protein-coupled receptors. The precise roles of the residues in the conserved core cannot be determined without careful biochemical characterization of mutations at each position. However, this proves to be a difficult task since many of these critical residues also govern the overall structure of the receptor; mutations at these positions often result in misfolded proteins (42). Based on the overlap between the results of our genetic analysis and our evolutionary analysis, we propose that these jointly identified positions form a structural core that allows conformational changes induced by ligand binding to be transmitted to the G protein interaction surface.
Some positions (Fig. 5 , blue balls) that are highly important in many G protein-coupled receptors throughout evolution are nonetheless sites of frequent substitution in functional mutant C5a receptors. They may mediate a specific function subject to a selective pressure in evolution that was absent in our yeast screen. One possibility is that these blue residues, located primarily in the extracellular half of the helix bundle, participate in interhelical interactions responsible for maintaining the receptor switch in the off state in the absence of ligand. We have not tested whether single mutations at the blue positions systematically produce constitutive activation of the receptor.
On the cytoplasmic side of helices I, II, and IV, the genetic screen identified three positions that did not tolerate substitutions, yet were not highly conserved in other G protein-coupled receptors (Val 58 , Leu
76
, and Cys 157 ) (Fig. 5, yellow balls) . When combined with Leu 241 and Lys 242 from the scan of helix VI, the positions of these 5 residues begin to identify regions of the receptor that might mediate specific interactions with G proteins. Supporting this role, a C157S mutation in helix IV of the C5a receptor completely abrogated G protein activation while leaving binding activity intact (38) . Likewise, rhodopsin bearing a T58R mutation (aligns with Val 58 in the C5a receptor) forms meta-rhodopsin II properly upon illumination, but cannot activate transducin (43) . The regions of the receptor that contact G protein most likely extend farther into the cytoplasm than was scanned in our analysis: ample evidence implicates the intracellular loops and carboxyl-terminal tail of the receptors in binding G proteins (5, 6) .
Helix I/II Interaction Domain-Our results suggest that the lipid-oriented faces of helices I and II might play an important role in G protein-coupled receptor structure and function. From the results of our functional mapping of the seven transmembrane helices of the C5a receptor, helices I and II display patches of preserved residues (Leu 41 (Fig. 4) . Other helices might also specifically interact with membrane proteins; for example, helix IV displays 3 preserved hydrophobic residues (Leu 163 , Leu 166 , and Ile 169 ) to the lipid membrane. However, the helix I/II surface represents the largest group of preserved residues from the genetic scanning of the C5a receptor that face the lipid bilayer. Fig. 6 displays three simple models for possible interactions of the lipid-facing residues in helices I and II with accessory membrane proteins, other lipids, or other G protein-coupled receptors. First, as an example of a membrane protein/receptor interaction (Fig. 6A) , a recent study identified a new class of proteins called RAMP (receptor activity-modifying protein) that interact with receptors to alter their intracellular processing and ligand binding specificity (44) . When coexpressed with RAMP1, the calcitonin receptor-like receptor binds the calcitonin gene-related peptide; however, if coexpressed with RAMP2 or RAMP3, the same receptor no longer binds the calcitonin gene-related peptide, but is activated by an entirely different ligand, adrenomedullin (44) . Other accessory proteins for G protein-coupled receptors include ODR-4, a type II membrane protein required for the proper membrane localization of odor- ant receptors in Caenorhabditis elegans (45) , and NinaA, a cyclophilin that acts as a molecular chaperone for opsins (46) . No accessory protein has been identified for the pheromone receptors in yeast.
Second, helices I and II of the C5a receptor might form a specific and critical protein/lipid interaction (Fig. 6B) . Lipids play ill defined but important roles in the function of G proteincoupled receptors. Removal of membrane sterol from cells dramatically decreases the binding affinity and activity of the oxytocin receptor (47) . Potential mechanisms for this effect include an allosteric interaction between the cholesterol and the receptor helix bundle; a more general effect on the biophysical properties of the membrane or the sterol, by virtue of their ability to form discrete microdomains, might localize the receptors with other signaling molecules on the plasma membrane. Caveolae, cholesterol-enriched organelles proposed as signaling centers on the plasma membrane (48), might serve as sites for sterol/receptor interactions; however, these structures have not been demonstrated in yeast. Alternatively, lipid modifications of the heterotrimeric G proteins (farnesylation of ␤␥-subunits and palmitoylation and myristoylation of ␣-subunits) may increase the specificity and efficiency of G protein activation by directly interacting with the transmembrane segments of the receptors.
Third, numerous recent studies demonstrate that G proteincoupled receptors might form oligomeric structures (49 -52) . Our genetic data support a role for helices I and II in the putative dimerization domain for G protein-coupled receptors (Fig. 6C) . In favor of a protein/protein interaction, three of the mutant receptors contain an L41C mutation in helix I (a rare mutation since it requires 2 nucleotide substitutions in the leucine codon) at a position (Leu 41 ) that otherwise does not tolerate other mutations (Fig. 1) . Although we have no direct evidence that the substituted cysteine in the mutant receptors is involved in a disulfide bond, the crystal structure of rhodopsin demonstrates receptor monomers contacting each other at the first transmembrane segments where the cysteine substitutions occur in the mutant C5a receptors (53) . Also, recent studies of bradykinin receptor B2 demonstrate receptor dimers and implicate the junction of the N terminus and first transmembrane helix as part of the dimerization domain (54) .
In summary, we have performed a comprehensive genetic analysis of transmembrane helices I, II, and IV of the C5a receptor, which, combined with our previous work (19) , provides a complete mutational map of the transmembrane helices of a single G protein-coupled receptor. The results identify 44 residues located primarily in two clusters that are essential for C5a receptor function. One cluster includes residues at or near the extracellular face of the receptor that probably constitute a binding pocket for interaction with the C5a ligand; strikingly, this cluster shares a very similar "footprint" with residues in distantly related receptors that interact with retinal, peptide ligands, and biogenic amines. The second cluster, at the core of the helix bundle, consists of residues that are conserved in most G protein-coupled receptors. Both clusters thus argue strongly for an activation mechanism that is conserved in all or most G protein-coupled receptors. We propose that proper orientation of ligands (C5a, biogenic amines, and probably others) in the binding pocket induces a conformational change that is transmitted through the conserved core of the helix bundle to G proteins. In addition, we found critical amino acids in the first and second helices of the receptor that face the lipid membrane and that might mediate interactions with lipids or other membrane proteins or function as oligomerization domains with other receptors. At present, we can only infer that the locations of these critical residues indicate that they perform specific functions. To define the roles of these residues more precisely will require further biochemical and structural information.
